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Modulation of an oscillator is crucial for its application in communication devices. While the
output power and linewidth of single magnetic tunnel junction-based spin-torque oscillators
(MTJ-STO) are not yet adequate for practical uses, the synchronization of such devices can
overcome these limitations. Here, we investigate the modulation behavior of a parametrically
synchronized MTJ-STO and show experimentally that modulation of the synchronized state
preserves synchronization as long as the modulation frequency, fmod, is above a characteristic fre-
quency, funlock. The unlocking frequency increases with the modulation amplitude in agreement
with analytical estimates and numerical simulations. These phenomena are described as a non-
resonant unlocking mechanism, whose characteristics are directly related to inherent parameters
of the oscillator.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904991]
Magnetization precession at GHz frequencies can be sus-
tained in spin-valve (SV) and magnetic tunnel junction (MTJ)
based spin-torque oscillators (STOs) as a result of spin trans-
fer torque.1–4 MTJ-STOs have attracted considerable interest
because of their relatively large microwave power5,6 and
appreciable perpendicular spin torque.7–10 However, these
devices often exhibit a linewidth too large for practical appli-
cations. Injection locking offers means to decrease such large
linewidths. Recently, both parametric excitation and synchro-
nization have been achieved in MTJ-STOs,11–13 for which the
external microwave current is applied at twice the frequency
of the free-running MTJ-STO.
Synchronized MTJ-STOs exhibit a dramatic decrease of
their linewidth, suggesting their preferable usage for wireless
communication applications. In fact, injection-locked phase-
locked loops (PLLs) are one of the most important building
blocks of RF transceivers because they provide a precise fre-
quency to transmit and receive data. It is hence essential to
modulate the injection locked signals for both transmitters and
receivers. Modulation of free-running STOs has been previ-
ously studied theoretically14–16 as well as experimentally,17–19
demonstrating that these devices exhibit nonlinear frequency
and amplitude modulation. The modulation of injection-
locked STOs is yet to be addressed experimentally, comple-
menting recent numerical studies.20
The modulation of an injection-locked state faces the
difficulty that the phase difference between the oscillator and
the injection source is constant. This severely limits the pos-
sibility of modulating an injection-locked state. Here, we
show that it is possible to achieve fast modulation (up to
500 MHz) of the parametrically synchronized MTJ-STO. We
show that the lower limit of modulation is determined by the
modulation current and locking time of the MTJ-STO. These
results are in qualitative agreement with macrospin simula-
tions. By developing an analytical model, we quantitatively
describe the observed modulation-mediated unlocking of the
parametrically synchronized MTJ-STO. This has important
consequences for both applications involving synchronized
STOs and for the fundamental understanding of the stability
of a synchronized state.
The MTJ nanopillars used in this work are similar to
those in Ref. 21. The layer structure consists of IrMn (5)/
CoFe (2.1)/Ru (0.81)/CoFe (1)/CoFeB (1.5)/MgO (1)/CoFeB
(3.5) (thicknesses in nm), where the bottom CoFe layer is the
pinned layer (PL), the composite CoFe/CoFeB represents the
reference layer (RL), and the top CoFeB layer is the free
layer (FL). We discuss results from a circular device with an
approximate diameter of 240 nm, a resistance-area product
of 1.5 X lm2, and a tunneling magnetoresistance of 75%.
The RL magnetization equilibrium direction is along the
positive x^-direction, which is also 0 of the applied field.
Applying a positive current results in electrons flowing from
the RL to the FL. An external magnetic field of 320 Oe is
applied in-plane at an angle of 196 with respect to the RL
magnetization to maximize the microwave power.22
Our measurement circuit is shown in Fig. 1(a), where
two signal sources are coupled into the AC port of the
bias-tee through the use of two resistive power dividers
(dc-12.5 GHz). The STO signal is fed to a þ30 dB, 4–8 GHz
low-noise amplifier (LNA) and then measured using a spec-
trum analyzer. The LNA operating frequencies were chosen
to avoid amplification of both the injected signals. This
allows us to apply rather strong external signals without satu-
rating the LNA.
The free-running characteristics of our device, with both
signal sources being turned off, are depicted in Figs. 1(b) and
1(c). Above IDC¼ 1 mA, microwave signals can be detected
in the spectrum analyzer with one clearly dominant mode at
f0 4.8 GHz. The STO frequency shows a slight red shift with
increasing DC current and the linewidth decreases linearly in
the sub-threshold regime, yielding a threshold current of
Ith¼ 6.2 mA.14,23 The linewidth of the STO, shown in
Fig. 1(c), exhibits a typical decrease as a function of bias cur-
rent and has a minimum at IDC 7 mA. For the experiments
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of parametric synchronization and modulation, we therefore
keep the driving current at a constant value of IDC¼ 7 mA.
Figure 2 shows how the parametrically synchronized
state of the MTJ-STO is established by injecting a micro-
wave signal of approximately twice the frequency of the
free-running STO from one of the signal generators. The
microwave current from the signal source that reaches the
device has a root-mean-square (rms) value of Ie¼ 1.6 mA,
which is calculated by taking into account the losses due to
the power dividers as well as the reflection coefficients meas-
ured by a vector network analyzer (VNA).22 Figure 2(a)
shows the map of the power spectral densities (PSD) vs STO
frequency and injected frequency. The injected frequency, fe,
was swept between 9.0 GHz and 9.3 GHz in steps of 1 MHz
while the spectrum analyzer’s resolution bandwidth was kept
at 50 kHz. This measurement shows that our device is
synchronized with a phase-locking bandwidth of approxi-
mately fpl  70 MHz, which is an expected value for
Ie¼ 1.6 mA.13 The linewidth of the MTJ-STO gets reduced
to about 3 MHz from the free-running value of 45 MHz as
shown in Fig. 2(b). While further reduction of the linewidth
could be obtained using larger microwave currents Ie, we
kept it fixed at 1.6 mA to avoid sample breakdown during
modulation.
To study the behavior of the parametrically synchron-
ized MTJ-STO under modulation, the first signal source is
fixed at the center of the phase-locking bandwidth at a fre-
quency of fe¼ 9.145 GHz, while the frequency of the second
signal source, fmod, is varied in the range of 500 MHz fmod
 50 MHz. Figure 3(a) shows an example of modulation
of the parametrically synchronized MTJ-STO at Imod
¼ 0.99 mA, which clearly shows modulation sidebands at the
frequencies fþ fmod, f fmod, and f 2fmod. The asymmetric
power of the sidebands is attributed to non-linear frequency
and amplitude modulation (NFAM).15,16,18 This results in
weaker power for the second order sideband at fþ 2fmod and
is expected from NFAM. However, the most important fea-
ture of this map is the breaking of synchronization for
fmod 170 MHz, which we call the unlocking frequency: fun-
lock. Above funlock, both the carrier and sidebands exhibit a
narrow linewidth and the oscillation frequency of the carrier
is exactly half of the injected frequency: f¼ fe/2. However,
for low modulation frequencies, the carrier and sideband
frequencies change to a lower value compared to the para-
metrically synchronized state. This is accompanied by an
increase of linewidth to Df 45 MHz, which corresponds to
FIG. 1. (a) The measurement circuit showing two signal sources connected
with two power dividers for simultaneous modulation and parametric synchro-
nization experiments. The oscillation frequency and linewidth of the free-
running MTJ-STO are shown in (b) and (c), respectively. Determination of
the threshold current is done by a linear extrapolation of the sub-threshold
linewidth to zero.14 The parametric synchronization and modulation measure-
ments are done at a bias current of IDC¼ 7 mA, shown by vertical dashed
lines.
FIG. 2. The parametric synchronization of the MTJ-STO at IDC¼ 7 mA,
with an external signal of Ie¼ 1.6 mA and fe 2f0. (a) Spectra and (b) line-
width of the STO vs. frequency of the external signal. The vertical dashed
line marks the operating point for the modulation measurements.
FIG. 3. Modulation of a locked STO. (a) Experimental and (b) simulated
spectra of the synchronized STO vs. fmod at a modulation current of
Imod¼ 0.99 mA. (c) The relation between funlock and Imod/IDC shows a clear
increase with Imod for both experiments and numerical simulations. The solid
lines are fits to the data according to Eq. (1). (d) Section of the simulated in-
stantaneous phase difference D/ for the case of fmod¼ 280 MHz, marked by
a dashed line in (b).
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the free-running/unsynchronized linewidth at this condition
[see Fig. 2(b)].
When the amplitude of the modulation signal is increased,
funlock is shifted towards higher values. The observed variation
between funlock and the modulation strength Imod/IDC is shown
in Fig. 3(c) as black squares.
To further study this behavior, we performed macrospin
simulations. The magnetic parameters of the FL are taken
from previous experimental studies on a similar device,21
namely: saturation magnetization l0MS¼ 1.25 T, Gilbert
damping a¼ 0.01, symmetric spin torque efficiency g¼ 0.65,
and field-like torque factor b¼ 0.5. All other parameters were
taken from the experimental conditions. However, the thresh-
old current obtained in macrospin simulations was found
higher compared to experiment. In order to account for this
difference, we use the diameter of the circular device as a free
parameter and best agreement with experiment was obtained
for a diameter of 140 nm. Figure 3(b) shows the simulated
result obtained for the same external excitations as in the
experiment. The figure shows clear unlocking for low fmod,
in good agreement with the experimental observations.
Macrospin results of funlock as a function of the modulation
strength Imod/IDC are shown in Fig. 3(c) as red circles. The
funlock from numerical simulations shows a quantitative agree-
ment with the experiments up until Imod/IDC¼ 0.2, above
which the experiments deviate from the numerical trend.
We will show below that the unlocking induced by the
modulation can be well understood by a model considering
the instantaneous phase and frequency differences between
the MTJ-STO and the synchronizing signal, fe/2, introduced
by the modulating current. This approach is based on the fact
that both modulation and injection locking are phenomena
that take advantage of the nonlinearity (power and phase
coupling) of these devices, so that the phase unambiguously
determines the magnetodynamics at all conditions. To de-
velop such a model, the time scales involved in the experi-
ment must be described in detail.
On the one hand, the MTJ-STO is parametrically synchron-
ized by an injection signal oscillating in the GHz range.
However, the approach to synchronization occurs on a much
longer time scale, on the order of 10 ns,24,25 which is equivalent
to a frequency on the order of 100 MHz. Such a slow approach
to synchronization is general in auto-oscillators.26 On the other
hand, the MTJ-STO is modulated by a signal oscillating in
the MHz range. In the precessing reference of the free-
running MTJ-STO, the modulating signal is slow enough so
that it can be considered as a dc current, thus changing the
free-running frequency of the oscillator. That is precisely
how the modulation in STO has been tackled analytically in
previous studies.27 The proposed model takes into account
the slow approach to synchronization and the change of free-
running conditions imposed by the modulation, both of
which take place on the MHz range. In order to visualize
these phenomena, we will describe the dynamics in terms of
the instantaneous phase and frequency differences, D/ and
Df, respectively. Both quantities are related by the propor-
tionality Df / dD//dt.
In line with the above experiments and simulations, we
are considering a parametrically synchronized MTJ-STO.
The synchronization condition indicates that there is a
constant phase difference between the oscillator and the
injection source, i.e., D/¼/o and Df¼ 0. When a slow
modulating source is introduced, the free-running frequency
of the MTJ-STO changes. Consequently, D/ evolves in time
until it reaches a new constant value D/¼/1>/o in order
to stay synchronized. As the modulating source approaches
its maximum amplitude, this process continues reaching a
maximum phase difference D/¼/max. Clearly, if j/maxj
> p, the STO cannot lock anymore. Consequently, this
description shows that there is a threshold modulating signal
amplitude above which the MTJ-STO becomes unlocked.
This description establishes a linear relationship between the
unlocking frequency and the modulation power.
Now, if the modulating frequency exceeds the approach
to synchronization, fmod> 100 MHz, the above description
breaks down. Instead, D/ never achieves a stationary value
and thus Df 6¼ 0. The fact that the instantaneous frequency
difference is non-stationary shows that it is possible to mod-
ulate a synchronized oscillator, as experimentally and
numerically observed in Figs. 3(a) and 3(d), respectively.
However, it also becomes unclear how to model the unlock-
ing condition in this case, as the phase continuously re-
adjusts itself to satisfy both the locking condition and the
modulation drive. The solution is to acknowledge that the
aforementioned unlocking condition, j/maxj>p, is equiva-
lent to jDfmaxj > fpl in the non-stationary case. In other
words, the instantaneous frequency difference induced by
the modulation source cannot surpass the phase-locking
bandwidth for a given injection current Ie. Consequently, we
can model the unlocking behavior simply by taking into
account the modulation characteristics of Df for a free-
running MTJ-STO. A previous analytical study on the modu-
lation of STOs27 showed that Dfmax is given by
Dfmax ¼ 2CpC poð Þ Imod
IDC
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4C2p þ f 2mod
q ; (1)
where  1 is the dimensionless nonlinearity coefficient, Cp
is the total damping rate, and CðpoÞ is the negative damping
term proportional to the dc current and the nonlinear correc-
tion of the damping28 at a given operating point. Imposing
the unlocking condition Dfmax ¼ fpl for fmod¼ funlock, one
can fit Eq. (1) as a function of CðpoÞ. In agreement with the
above qualitative understanding, Eq. (1) leads to a threshold
modulating amplitude for a vanishingly slow modulation fre-
quency, fmod  2Cp. Furthermore, Eq. (1) now relates the
unlocking frequency to the experimental quantities fmod and
fpl. In particular, as fpl increases, the STO will be able to
sustain a stronger modulation current and slower modulation
frequencies. This conclusion is in agreement with the numer-
ical results presented in a recent study,20 where the above
unlocking was identified as a non-resonant mechanism.
The fits of the experimental and numerical results using
Eq. (1) are shown in Fig. 3(c) by black and red solid lines,
respectively. For both cases, we obtain CðpoÞ  10Dfmax,
which is consistent with the fact that the modulation is
small compared to the negative damping that stabilizes
auto-oscillations in these devices. Furthermore, the fits
give insight into the intrinsic negative damping term, which
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can be fitted to the analytical theory by polynomial
expansions.11,29 The difference between the two fits originates
from the values of Cp. In fact, previous measurements on a
similar MTJ-STO device23 showed that Cp 100 MHz, which
is much higher than the theoretically expected 5 MHz
[calculated using Eq. (27b) in Ref. 14]. Such an inconsistency
is related to the multi-mode generation in these devices that
has been recently addressed theoretically.27,30 In the case of
macrospin simulations, multi-mode generation cannot be mod-
eled as they originate from spatially different magnetodynami-
cal modes excited in the device active layer and their energy
exchange. Instead, the macrospin approximation can only
reproduce a well-defined and homogeneous magnetodynamical
precession so that we are able to fit the results by using the the-
oretical Cp. A better agreement to the experiments is expected
from a micromagnetic model of the device, which includes
exchange interaction, and therefore supports several magneto-
dynamical modes and the concomitant enhancement of Cp.
This is, however, beyond the scope of the present letter.
As mentioned before, the macrospin simulation quanti-
tatively agrees with the experimental data for Imod/IDC< 0.2.
From the above analysis and fits, we argue that such agree-
ment can entail that the weakly perturbed MTJ-STO behaves
in a nearly single mode regime, thus having an effective Cp
closer to the analytical estimate and making the macrospin
simulation more accurate. Furthermore, the disagreement
with the analytical estimates suggests that nonlinear proc-
esses are taking place when funlock 150 MHz. It is possible
that such a regime is characterized by a competition between
the modulation-mediated unlocking and the ability of the de-
vice to synchronize, limited by the synchronization time of
1/150 MHz 6.7 ns, in agreement with recent experiments.25
In summary, we have presented experimental and
numerical proofs of modulation-mediated unlocking in
MTJ-STOs. It is argued that such a phenomenon is possible
due to the non-resonant unlocking mechanism and the dis-
cussed theory is not only applicable to MTJs but also for
GMR-based STOs. These results are relevant for the design
of synchronized STO-based devices for communication
applications where modulation is an instrumental phenom-
enon. Moreover, the presented experimental method can be
used and extended to determine STO figures-of-merit such
as the modulation index and the modulation bandwidth.
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